Abstract The eukaryotic Golgi apparatus is characterized by a stack of flattened cisternae that are surrounded by transport vesicles. The organization and function of the Golgi require Golgi matrix proteins, including GRASPs and golgins, which exist primarily as fiber-like bridges between Golgi cisternae or between cisternae and vesicles. In this review, we highlight recent findings on Golgi matrix proteins, including their roles in maintaining the Golgi structure, vesicle tethering, and novel, unexpected functions. These new discoveries further our understanding of the molecular mechanisms that maintain the structure and the function of the Golgi, as well as its relationship with other cellular organelles such as the centrosome.
Introduction
The Golgi apparatus is a membrane organelle that functions as the hub in the secretory pathway in almost all eukaryotic cells, including those of animals, plants and fungi (Dacks 2011) . It is comprised of stacks of flattened cisternal membranes, which are surrounded by transport vesicles (Ladinsky et al. 1999) . In vertebrates, Golgi stacks are connected by tubules to form a ribbon-like structure that localizes adjacent to the nucleus; in contrast, the Golgi stacks are dispersed throughout the cytoplasm in flies, plants and fungi (Ladinsky et al. 1999; Rambourg and Clermont 1990) . Despite its structured organization, the Golgi is a highly dynamic organelle that undergoes rapid disassembly/reassembly throughout cell cycle progression, upon experimental manipulation, and during massive flows of cargo proteins or membranes. The unique morphology and dynamics of the Golgi apparatus have prompted numerous studies aimed at understanding the underlying mechanisms of Golgi structure formation and function. Early electron-microscopy studies demonstrated intercisternal connections between Golgi cisternae Mollenhauer 1965; Mollenhauer and Morre 1998) . These inter-cisternal connections are comprised of proteins that mediate cisternal stacking, because mild proteolysis removes these connections and results in Golgi unstacking (Cluett and Brown 1992) . In addition, thin fibers have been observed to connect transport vesicles with Golgi cisternae via high resolution electron microscopy (EM) (Orci et al. 1998) . EM studies have also demonstrated a "ribosome exclusion zone" surrounding the Golgi apparatus, suggestive of a protein network that extends into the cytoplasm (Lowe 2011; . In 1994, Warren and colleagues isolated a detergent and salt-resistant protein complex, thus introducing the concept of "Golgi matrix" proteins (Slusarewicz et al. 1994) . The first identified component of the Golgi matrix was GM130 (Nakamura et al. 1995) , an extended rod-like protein that localized to the cis-Golgi (Alvarez et al. 2001) . Numerous Golgi matrix proteins have been discovered since then, including Golgi reassembly stacking proteins (GRASPs) and golgins, which are vital for maintaining the Golgi structural organization and regulating protein trafficking through the Golgi stack (Table 1) . Treatment with brefeldin A (BFA), a fungal Stacking (Barr et al. 1997; Kondylis et al. 2005; Tang et al. 2010; Xiang and Wang 2010) Ribbon formation (Puthenveedu et al. 2006) Apoptosis (Lane et al. 2002) Cell cycle progression (Duran et al. 2008; Preisinger et al. 2005; Sutterlin et al. 2005; Tang et al. 2010; Yoshimura et al. 2005) Mitotic spindle formation (Sutterlin et al. 2005) Unconventional secretion in Dictyostelium and yeast (Kinseth et al. 2007; Manjithaya et al. 2010) Transport of specific cargo (D'Angelo et al. 2009) p24 cargo receptor retention Golgi and centrosome orientation (Bisel et al. 2008) GRASP55 N-myr Golgin-45, p24, TGF-α, CD8a, Frizzled 4
Stacking Xiang and Wang 2010) Ribbon formation (Feinstein and Linstedt 2008) Cell cycle control (Duran et al. 2008) Transport of specific cargo (D'Angelo et al. 2009; Kuo et al. 2000) p24 cargo receptor retention GM130/golgin-95 P Rab1, Rab2, Rab33b p115, GRASP65 (Barr et al. 1998 ), syntaxin 5, AKAP450, Tuba ER-to-Golgi traffic, COPII vesicle tethering (Alvarez et al. 2001; Moyer et al. 2001) Golgi ribbon formation (Puthenveedu et al. 2006) Non-centrosomal microtubule organization Centrosome regulation (Kodani et al. 2009; Kodani and Sutterlin 2008) Apoptosis (Walker et al. 2004) Spindle formation (Kodani and Sutterlin 2008) Cell migration (Preisinger et al. 2004) p115 P Rab1 GM130, giantin, syntaxin 5, GOS-28, Bet1p
Membrane tethering (Alvarez et al. 2001; Nakamura et al. 1997; Seemann et al. 2000b; Post-mitotic Golgi reassembly (Sapperstein et al. 1995) Apoptosis (Chiu et al. 2002) Nuclear import (Mukherjee and Shields 2009) Golgin-45 P Rab2 GRASP55 Membrane tethering (Short et al. 2001) Golgin-67/ GM88 TMD * Uncharacterized (Eystathioy et al. 2000; Jakymiw et al. 2000) Golgin-84 TMD Rab1 CASP, COG complex Membrane tethering Golgi integrity (Diao et al. 2003; Satoh et al. 2003) Intra-Golgi retrograde transport (Sohda et al. 2010) Bacterial infection (Rejman Lipinski et al. 2009) Golgin-97/GOLGA1 GRIP ARL1/3 (Lu and Hong 2003) FIP1/RCP TGN-to-plasma membrane trafficking of E-cadherin (Lock et al. 2005) Endosome-to-TGN trafficking (Lu and Hong 2003; Lu et al. 2004) Retrograde transport from recycling endosomes to the TGN (Jing et al. 2010) Poxvirus morphogenesis (Alzhanova and Hruby 2007) Golgin-160/ mea-2/GCP170 P GCP60, GCP16, beta1AR, ROMK, PIST Plasma membrane transport of renal ROMK channel (Bundis et al. 2006) Apoptosis (Maag et al. 2005; Mancini et al. 2000; Sbodio et al. 2006) Golgin-230/ 245/256/GOLGA4 GRIP ARL1/3 TGN-to-plasma membrane traffic (Lu and Hong 2003) Giantin/ GCP372/ macrogolgin TMD Rab1, Rab6 p115, GCP60 Membrane tethering (Alvarez et al. 2001; Linstedt et al. 2000; Lowe et al. 2004; Misumi et al. 2001; Sonnichsen et al. 1998) ER-to-Golgi trafficking Apoptosis (Lowe et al. 2004) Bicaudal-D P Rab6 Dynactin, p50-dynamitin Recruitment of the dynein-dynactin complex (Hoogenraad et al. 2001) COPI-independent Golgi-to-ER transport (Matanis et al. 2002) Endosome-to-Golgi transport (Wanschers et al. 2007) CASP TMD Golgin-84 Membrane tethering metabolite that inactivates the small GTPase ADPribosylation factor-1 (ARF1), blocks the assembly of COPI-coated vesicles and redistributes Golgi enzymes and golgins harboring a transmembrane domain into the endoplasmic reticulum (ER) via tubular connections between the Golgi and the ER (Bascom et al. 1999; Klausner et al. 1992; Orci et al. 1991) . However, some peripheral Golgi matrix proteins, including GM130 and GRASPs, remain in small Golgi tubulovesicular remnants distinct from the ER, which could reform a perinuclear ribbon-like structure (Seemann et al. 2000a) , suggesting a requirement for Golgi matrix proteins in maintaining Golgi structure and identity. To perform these functions, the Golgi matrix proteins must be highly dynamic to adapt to the rapid morphological changes of the Golgi during cell cycle progression, during massive cargo flow, or upon experimental treatment. Several peripheral Golgi matrix proteins can undergo rapid exchange between the membrane-associated pool and the cytoplasm revealed by live cell imaging (Ward et al. 2001) . The mechanisms that target or dissociate those proteins to or from particular subdomains of the Golgi membrane remain unclear. Because of the important roles of these Golgi matrix proteins, several review articles have focused on these proteins (Lupashin and Sztul 2005; Ramirez and Lowe 2009; Short et al. 2005) . In recent years, new interacting proteins and functions of Golgi matrix proteins have been reported. Several Golgi-localized proteins have been identified and categorized as golgins because they contain predicted coiled-coil domains. In this article, we discuss recent progress in this field.
Golgi reassembly stacking proteins (GRASPs)
GRASPs in Golgi stack and ribbon formation GRASPs, including GRASP65 and GRASP55, were originally identified as Golgi stacking factors in an in vitro assay that reconstituted the cell cycle-regulated Golgi Reddy et al. 2006) MPR recycling (Reddy et al. 2006) Attachment of non-centrosomal microtubules (Efimov et al. 2007) Golgi ribbon formation GCP16 acylation GCP170 Transport from Golgi to PM (Ohta et al. 2003) GCP60/ACBD3 P Giantin, Golgin-160 (Sbodio et al. 2006) , Numb ER-to-Golgi transport Asymmetric cell division (Zhou et al. 2007) Anti-apoptosis (Sbodio et al. 2006) GCP364 Golgi ribbon formation and perinuclear localization (Toki et al. 1997) CG-NAP protein kinase PKN, RII alpha, protein phosphatase 2A (PP2A), protein phosphatase 1
Scaffold protein for kinases/phosphatases (Takahashi et al. 1999) GMAP-210/Trip230 GRAB ARF1 ITF20, γ-tubulin, thyroid receptor, retinoblastoma protein
Membrane tethering (Drin et al. 2008) ER-to-Golgi trafficking (Gillingham et al. 2004) Ribbon formation (Rios et al. 2004) γ-tubulin recruitment (Rios et al. 2004) Sorting to primary cilia (Follit et al. 2008) Interacts with thyroid hormone receptor beta (Chen et al. 1999) IIGP165 P Anti-apoptosis (Ran et al. 2007 Trafficking of early/recycling endosomes to TGN, Golgi enzyme retention (Ramirez and Lowe 2009; Yamane et al. 2007) ER Endoplasmic reticulum; GRAB GRIP-related ARF-binding domain; GRIP Arl-binding domain conserved in golgin-97, RanBP2alpha, Imhlp and p230/golgin-245; MPR mannose 6-phosphate receptor; N-myr amino-terminal-myristoylation; P peripheral membrane protein; PM plasma membrane; TGN trans-Golgi network; TMD transmembrane domain. * predicted disassembly and reassembly process. Antibodies against GRASP proteins block the reformation of Golgi stacks, but not the regrowth of Golgi cisternae (Barr et al. 1997; . Both GRASP65 and GRASP55 are peripheral membrane proteins that attach to the Golgi membrane via an N-terminal myristic acid. GRASP65 localizes to the cis-Golgi cisternae, whereas GRASP55 localizes to the medial/trans-Golgi cisternae (Barr et al. 1997; . Their peripheral association with the Golgi membrane has been demonstrated to allow rapid exchange between the membrane-associated pool and cytoplasmic pool (Ward et al. 2001) , which is consistent with the dynamic characteristics of the Golgi and accommodates the cisternal maturation model (Losev et al. 2006; Matsuura-Tokita et al. 2006) . However, there were some inconsistencies in the literature concerning the involvement of GRASPs in Golgi stack formation in vivo. Microinjection of GRASP65 antibodies into mitotic cells was reported to inhibit Golgi reassembly in the post-mitotic daughter cells . Initial RNA interference experiments confirmed the role of GRASP65 in cisternal stacking, wherein GRASP65 depletion led to a reduction in the number of cisternae in the stacks (Sutterlin et al. 2005 ). However, it was also reported that GRASP65 or GRASP55 depletion did not affect Golgi stack formation but resulted in Golgi ribbon unlinking (Feinstein and Linstedt 2008; Puthenveedu et al. 2006) or defective cell division (Sutterlin et al. 2005) . A recent study using systematic electron microscopy illustrated that depletion of either GRASP65 or GRASP55 caused a reduction in the number of cisternae per stack, whereas simultaneous depletion of both GRASP65 and GRASP55 resulted in severe Golgi unstacking in 80% of HeLa cells, which was partially rescued by the expression of either GRASP (Tang et al. 2010; Xiang and Wang 2010) . These results strongly indicate that GRASPs play complementary and essential roles in Golgi cisternal stacking in vertebrates (Xiang and Wang 2010) (Fig. 1a) . Whether GRASP proteins mediate Golgi stacking in other organisms remains elusive. In addition to the Golgi, GRASP homologs in budding yeast and flies also localize to the ER exit sites (Behnia et al. 2007; Kondylis et al. 2005; Levi et al. 2010) . Depletion of the sole GRASP homolog dGRASP in Drosophila S2 cells affected Golgi stacks in approximately 30% of cells, whereas cooperative depletion of dGRASP and dGM130 converted Golgi stacks to clusters of vesicles, tubules and single cisternae (Kondylis et al. 2005) . Furthermore, the presence of a GRASP homolog does not dictate the presence of Golgi stacks. For example, S. cerevisiae has a GRASP homolog, but the Golgi cisternae remain as isolated discs, indicative of other GRASP functions in budding yeast (Levi et al. 2010) . In contrast, plant cells have Golgi stacks but lack GRASP homologs, suggesting the presence of unrelated factors mediating cisternal stacking in plant cells (Vinke et al. 2011) . Taken together, GRASPs may have gained a stacking function during evolution. How do GRASP proteins mediate Golgi stack formation? The vertebrate GRASP proteins form homodimers that further oligomerize via the N-terminal PDZ domain. These oligomers can cross-link magnetic dynal beads in vitro or mitochondria in vivo (Sengupta et al. 2009; Tang et al. 2010; Wang et al. 2003 Wang et al. , 2005 Xiang and Wang 2010) . This property provides a possible mechanism for GRASP proteins to link Golgi membranes into stacks (Fig. 1a) (Lowe 2011; Wang 2008) . GRASP65 also interacts with GM130, which is required for GRASP65 membrane association (Barr et al. 1998) . In combination with the N-myristoylation, GRASP65 is dualanchored onto the membrane in an orientation that favors trans-oligomerization (Bachert and Linstedt 2011) . The Golgi undergoes cell cycle-dependent disassembly and reassembly. Accordingly, the Golgi stacking factors, GRASP65 and GRASP55, are also subjected to cell cycledependent regulation. GRASP65 is sequentially phosphorylated by Cdk1 and Polo-like kinase 1 (Plk1) at the onset of mitosis (Lin et al. 2000; Preisinger et al. 2005; Wang et al. 2003) , whereas GRASP55 is mitotically phosphorylated by ERK2 and Cdk1 (Jesch et al. 2001; Xiang and Wang 2010) . Phosphorylation of the GRASPs disrupts their oligomerization and prevents cisternal stacking (Tang et al. 2010; Wang et al. 2003 Wang et al. , 2005 Xiang and Wang 2010) . GRASP dephosphorylation is required for post-mitotic Golgi stack formation (Wang 2008) . GRASP65 is dephosphorylated by PP2A after mitosis , whereas the enzyme that dephosphorylates GRASP55 remains to be identified. A similar mechanism may also regulate Golgi membrane remodeling in interphase cells. For example, the expression of a non-phosphorylatable GRASP65 mutant inhibited the reorientation of the Golgi toward the leading edge in a wound-healing assay (Bisel et al. 2008 ). These results demonstrate that GRASPs stack Golgi cisternal membranes by forming phosphorylationregulated trans-oligomers (Lowe 2011; Vinke et al. 2011; Wang and Seemann 2011) .
Similarly, GRASP65 and GRASP55 trans-oligomers can also link Golgi stacks into a ribbon. Depletion of either GRASP65 or GRASP55 converted the Golgi ribbon into separated stacks, as shown by fluorescence and electron microscopy. FRAP (fluorescence recovery after photobleaching) experiments suggested that GRASP65 and GRASP55 are required for the lateral fusion of Golgi cisternae (Feinstein and Linstedt 2008; Puthenveedu et al. 2006) . Additionally, the expression of GRASPs on the outer member of mitochondria was shown to lead to mitochondrial aggregation (Bachert and Linstedt 2011; Sengupta et al. 2009 ), indicating that either GRASP65 or GRASP55 alone is sufficient to link Golgi stacks into a ribbon. Because Golgi ribbon formation occurs only in vertebrates, even though GRASP homologs are found in yeast and invertebrates, the role of GRASP in ribbon formation, which is similar to its role in stacking, may have been gained during evolution.
New functions of the GRASP proteins
In addition to Golgi structure formation, GRASPs have been reported to participate in various cellular processes, including specific cargo transport, unconventional and noncanonical secretion, apoptosis, cell cycle regulation, microtubule organization and cell migration (Vinke et al. 2011 ). GRASP65 and GRASP55 are involved in specific cargo transport and enzyme retention by binding to their cytosolic domains. Both GRASP65 and GRASP55 interact with the p24 cargo receptor family, which is required for the efficient retention of the p24 cargo receptors in the Golgi apparatus . GRASP55 interacts with the cytoplasmic domain of transforming growth factoralpha (TGF-α) via its first PDZ domain, and this interaction is required for TGF-α transport (Kuo et al. 2000) . GRASP65 and GRASP55 also interact via their PDZ domains with a specific class of cargo bearing a C-terminal valine, such as CD8a and Frizzled 4, and are required sequentially for their efficient transport to the plasma membranes through the Golgi (D' Angelo et al. 2009 ). All these proteins contain a di-valine Fig. 1 A schematic of new features of Golgi matrix proteins. a GRASP65 and GRASP55, two homologous proteins localized to the cis and medial-to-trans Golgi cisternae, respectively, mediate cisternal stacking by forming cell cycle-regulated oligomers. The depletion of GRASP65 and GRASP55 causes disassembly of the Golgi stacks. b GMAP-210, a cis-Golgi localized golgin, is composed of a 38 aa Nterminal ALPS motif, a C-terminal GRAB domain and six coiled-coil domains. The ALPS motif binds to highly curved membranes, whereas the GRAB domain binds to a flat membrane, which is stabilized by Arf-GTP. This novel structure suggests that GMAP-210 asymmetrically tethers the flat and curved membranes. Reprinted and modified from Drin et al. (2008) with permission from the journal publisher. c A model of GCC185 transferring from a vesicle to the Golgi membrane. Left A cytosolic GCC185 dimer is first recruited to the Rab9-bearing vesicles and interacts with Golgi-bound GCC185 via an unknown protein (X), which is followed by SNARE pairing (not shown). Middle GCC185 is targeted to the Golgi membranes by an interaction with Rab6, which may also promote Arl1 binding to the GRIP domain of GCC185. Right Golgi-anchored GCC185 interacts with CLASP, which promotes microtubule assembly at the Golgi apparatus. Inset: the model of Rab6 and Arl1 bound to the GCC185 Rab-binding domain (RBD) and GRIP domain, respectively. Reprinted and modified from Burguete et al. 008 ) with permission from the journal publisher. d GM130, a cis Golgi-localized coiled-coil protein originally found in the GM130-p115-giantin complex that is involved in ER-to-Golgi trafficking, interacts with AKAP450, which recruits γ-tubulin to the Golgi apparatus and participates in the organization of non-centrosomal microtubules that are critical for leading edge transport and directed migration (Efimov et al. 2007; Rivero et al. 2009) motif in their cytosolic tail that interacts with the PDZ domain of the GRASP proteins. Taken together, GRASPs may function as the cargo receptors or chaperones for a specific class of cargo proteins. In the budding yeast, the GRASP65 ortholog Grh1 contributes to the ER-to-Golgi traffic (Behnia et al. 2007) .
Recently, a novel function for GRASPs in unconventional secretion has been reported. Depletion of the putative GRASP ortholog in Dictyostelium discoideum (Kinseth et al. 2007) or in Pichia pastoris (Duran et al. 2010; Manjithaya et al. 2010 ) inhibited the secretion of AcbA, a 10-kDa polypeptide that lacks an apparent signal sequence. In Dictyostelium, AcbA was found in vesicles that were subjected to fusion with the plasma membrane, and GRASP was functioning at a later step, leading to the docking/ fusion of these vesicles at the cell surface (Cabral et al. 2010) . In addition, the Rabouille group demonstrated that during Drosophila epithelial remodeling, proteins involved in cell adhesion and junction formation, including the alpha subunits of integrin, were transported to the plasma membrane in a noncanonical secretory pathway that bypassed the Golgi. Surprisingly, the sole Drosophila ortholog of GRASP, dGRASP, localizes to the plasma membrane in these cells, which is required for the deposition of integrins (Schotman et al. 2008 ). The precise role of GRASP in unconventional and noncanonical secretion remains elusive, and a similar role for GRASPs in mammalian cells has not been reported.
During apoptosis, the Golgi apparatus is fragmented into dispersed clusters of tubulovesicular membranes, and several Golgi matrix proteins are cleaved by caspases (Hicks and Machamer 2005) . GRASP65 cleavage by caspase 3 has been demonstrated to be required for the Golgi fragmentation during apoptosis. Expression of a caspase-resistant GRASP65 mutant partially preserved cisternal stacking and inhibited the breakdown of the Golgi ribbon (Lane et al. 2002) . In addition, overexpression of the C-terminal half of GRASP65 inhibited Golgi fragmentation and delayed apoptosis in neurons (Nakagomi et al. 2007 ). GRASP65 depletion resulted in aberrant spindle formation that may cause apoptosis (Sutterlin et al. 2005) , although similar observations have not been reported by other groups (Puthenveedu et al. 2006; Tang et al. 2010; Xiang and Wang 2010) . The caspase cleavage sites on GRASP65 are at the C-terminal serine-proline rich (SPR) domain and are not conserved between GRASP65 and GRASP55.
Recently, GRASP65 and GRASP55 have been implicated in cell cycle control. Microinjection of an antibody against the C-terminus of GRASP65 inhibited Golgi fragmentation and delayed mitotic entry. However, when the Golgi was fragmented prior to the injection, the mitotic block was alleviated (Sutterlin et al. 2002) , suggestive of a G2/M checkpoint function for Golgi ribbon fragmentation. The expression of the GRASP domain of GRASP65 or phosphorylation-defective GRASP65 and GRASP55 also inhibited mitotic progression (Duran et al. 2008; Sutterlin et al. 2005; Yoshimura et al. 2005) . Expression of these mutants inhibited mitotic Golgi unstacking and ribbon unlinking (Feinstein and Linstedt 2008; Sengupta et al. 2009; Tang et al. 2010; Wang et al. 2005) , suggesting a direct association between the Golgi structure, or its disassembly at the onset of mitosis, and cell cycle progression. Interestingly, the expression of C-terminal peptide (amino acids 351-454) of GRASP55, which are not directly involved in Golgi structure formation, also inhibited Golgi fragmentation and mitotic entry (Duran et al. 2008) . GRASP proteins, which are regulated by and interact with mitotic kinases, may govern cell cycle progression by modulating the mitotic kinase activity and localization (Colanzi and Corda 2007; Preisinger et al. 2005) .
Golgi and centrosome reorient toward the leading edge of stimulated cells to allow the cell to migrate, the reorientation is abrogated by a non-phosphorylatable GRASP65 mutant (Bisel et al. 2008) . Golgi membrane fragmentation alleviated the block, indicating that the centrosome reorientation depends on the remodeling of the Golgi (Bisel et al. 2008) . Additionally, Golgi remodeling in interphase cells may occur by a similar mechanism as the phosphorylation of GRASP proteins in mitosis. Furthermore, depletion of GRASP65 led to aberrant spindle formation during cell division (Sutterlin et al. 2005) , suggesting that GRASP65 may also regulate centrosome localization in mitotic cells.
Recent discoveries on golgins as membrane tethers
Golgins are a family of Golgi-associated coiled-coil proteins that are necessary for vesicle docking and Golgi integrity (Barr and Short 2003; Ramirez and Lowe 2009; Satoh et al. 2005; Short et al. 2005; Waters and Pfeffer 1999) . Most golgins are peripheral proteins that are anchored on the Golgi membrane by one end and are predicted to exhibit an extended configuration due to their coiled-coil domains, which makes them excellent candidates for tethering membranes over relatively long distances. In addition, flexible regions between the predicted coiled-coil domains allow golgins to undergo conformational changes, which may be needed to position two membranes close enough for fusion (Barr and Short 2003) . Many golgins interact with Rab family small GTPases (Sinka et al. 2008) . These interactions may recruit golgins to specific subcompartments of the Golgi stack, or regulate their functions. Rabs cycle between the GDP-bound inactive and GTP-bound active forms, wherein the latter becomes membrane-associated and recruits interacting proteins termed effectors. Therefore, Rabs could regulate specific vesicle docking events by controlling the association of tethering factors with specific membranes. Moreover, Rabs may recruit multiple effectors to a specific site in a cooperative manner to allow for sequential or efficient vesicle docking events (Barr and Short 2003) . Tethering normally leads to membrane fusion, such as in membrane trafficking, post-mitotic Golgi cisternal formation, and ribbon formation Pfeffer 2010 ), but may exhibit additional functions in special cases. For example, the tethering factor p115 is temporarily required in the early steps of stacking during post-mitotic Golgi stack formation . Several insights into golgins as membrane tethers are listed below.
The GM130-p115-giantin tether in anterograde protein transport
The first isolated Golgi matrix protein, GM130, contains 6 predicted coiled-coil domains and is predominantly found in the central region of the cis cisternae (Alvarez et al. 2001; Nakamura et al. 1995) . GM130 forms a stable complex with GRASP65, and this interaction is required for correct localization of GRASP65 (Barr et al. 1998 ). Both GM130 and GRASPs remain in tubulovesicular remnants distinct from the ER when cells are treated with BFA (Seemann et al. 2000a) . GM130 is required for the fusion of COPII vesicles with cis-Golgi cisternae, a process that is regulated by the Rab1 GTPase (Moyer et al. 2001) . GM130 also interacts with p115, a golgin that interacts with a specialized set of COPII vesicle-associated SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein receptors), which promotes the targeting of COPII vesicles to the Golgi membranes (Allan et al. 2000) . p115 also binds giantin on the COPI vesicles and promotes their docking Sonnichsen et al. 1998) . Although the GM130-p115-giantin complex is currently one of the best-studied tethering complexes, unanswered questions persist. For example, low-density lipoprotein (LDL) receptor trafficking is defective at non-permissive temperatures (>39.5°C) in CHO IdlG cells that lack detectable GM130, but receptor trafficking is normal at permissive temperatures (Vasile et al. 2003) . How a lack of GM130 function is overcome at the permissive temperatures remains unknown.
CASP and golgin-84 in retrograde trafficking
CASP is one of a few golgins that contains a transmembrane domain. CASP was initially demonstrated to play a role in the secretory pathway, where the depletion of its Saccharomyces cerevisiae homolog, COY1, restored normal growth to cells lacking the Golgi SNARE Gos1p (Gillingham et al. 2002) . CASP interacts with golgin-84, which is concentrated at the lateral rims of the Golgi stack (Diao et al. 2003) . Both CASP and golgin-84 are transported to the ER upon BFA treatment (Bascom et al. 1999; Gillingham et al. 2002; Satoh et al. 2003) . Unlike the GM130-p115-giantin tether that binds COPI vesicles containing the p24 cargo receptor family protein and anterograde cargo, the CASP-golgin-84 complex binds retrograde transport vesicles containing Golgi enzymes, suggesting that the two sets of tethering factors recruit different subpopulations of COPI vesicles and confirming vesicle tethering specificity ).
GMAP210 tethers curved membranes to flat membranes
GMAP-210 is a cis Golgi-localized golgin that is recruited to the Golgi via the interaction with Arf1GTP through its C-terminal GRIP-related ARF-binding (GRAB) domain ). Overexpression of GMAP-210 blocked ER-to-Golgi trafficking and resulted in Golgi fragmentation (Gillingham et al. 2004; Rios et al. 2004 ). Similar to GM130, GMAP-210 remains in Golgi remnants after BFA treatment (Rios et al. 2004) . Perhaps the most striking insight into GMAP-210 concerns its biological properties responsible for membrane tethering. A structural study of GMAP-210 revealed that its two ends bind membranes of different curvatures. The amphipathic ArfGAP1 Lipid Packing Sensor (ALPS) motif at the distal N-terminus preferentially binds to highly curved vesicle membranes, whereas the C-terminal attaches to flat membranes, such as Golgi cisternal membranes, through Arf1GTP (Drin et al. 2008) (Fig. 1b) . The structural characteristics support the idea that GMAP-210 tethers curved membranes of tubules and vesicles to flat membranes such as the Golgi cisternae, which is confirmed by in vitro assays (Drin et al. 2007) . It is also consistent with the electron microscopy observation of thin fibers between transport vesicles and Golgi cisternae. In vivo studies also suggest that GMAP210 may tether periphery Golgi elements to flat cisternae ). The tethering function of GMAP-210 may be regulated by Rab GTPases. Similar to all golgins studied to date, GMAP-210 binds Rab GTPases (Sinka et al. 2008) , which allows dynamic regulation of GMAP-210-mediated vesicle tethering.
GMAP-210 also targets the cilia component IFT20 to the cis-Golgi, likely through the interaction with the coiled-coil domains, and this function may be independent of the tethering function of GMAP-210. GMAP-210 deficiency resulted in shorter primary cilia and reduced membrane protein polycystin-2 levels in cilia, suggesting that GMAP-210 and IFT20 function together in sorting membrane components to primary cilia. GMAP-210-deficient mice die at birth due to heart and lung defects (Follit et al. 2008) , which may result from the incorrect sorting of membrane components. In an independent report, the depletion of GMAP-210 caused skeletal dysplasia in mice (Smits et al. 2010 ).
TMF/ARA160
TMF/ARA160 was isolated as an HIV-1 TATA element modulatory factor (TMF) and has also been characterized as a coactivator (ARA160) for the androgen receptor (Mori and Kato 2002) . It was later recognized as a golgin that binds Golgi membranes through the interaction with Rab6, wherein depletion of TMF/ARA160 caused modest Golgi fragmentation in Normal rat kidney (NRK) cells (FridmannSirkis et al. 2004 ). All TMF/ARA160 homologs, conserved among yeast, flies, and humans, harbor predicted coiled-coil domains (Fridmann-Sirkis et al. 2004 ). TMF/ARA160 was shown to colocalize with giantin, but not with ERGIC53, GM130, mannosidase II, golgin-97, or TGN46, by immunofluorescence microscopy. The TMF/ARA160 signal encased the Rab6-positive Golgi structures. Even after a 10-min BFA treatment, TMF/ARA160 colocalized with Rab6 on tubular structures. Immunoperoxidase electron microscopy revealed that TMF/ARA160 is concentrated at the budding structures localized at the tips of cisternae. Because vesicle budding occurs at the rims of cisternae, the localization of TMF/ARF160 indicates that it may function as a tethering factor in vesicle transport. Consistently, TMF/ARA160 depletion displaced GalNAc-T2 N-acetylgalactosaminyltransferase-2 (GalNAc-T2) from the Golgi or blocked the retrograde transport of endocytosed Shiga toxin from early/recycling endosomes to the transGolgi network (Yamane et al. 2007 ). These phenotypes indicate that TMF/ARA160 may function as a tethering factor in retrograde vesicle transport.
GCC88, GCC185 and GRIP-domain-containing golgins
In addition to Rabs, other small GTPases may also regulate the targeting and function of golgins. For example, the GRIP domain-containing golgins interact with ARF-like GTPases Arl1 and Arl3 via the GRIP domain. The GRIP domain was originally identified as a C-terminal domain of about 50 amino acids that is conserved across a group of Golgi-localized coiled-coiled proteins. It is characterized by an invariant tyrosine at position 4 and a phenylalanine/ tyrosine at position 12 (Kjer-Nielsen et al. 1999; Munro and Nichols 1999) . Initially, GRIP domains were identified in golgin-245 and golgin-97, which localize to the trans-Golgi network (TGN) (Luke et al. 2005; Munro and Nichols 1999) . Subsequently, two additional golgins, GCC88 and GCC185, were shown to bind to the TGN via their GRIP domains (Luke et al. 2003) . GRIP domain-containing golgins are released after approximately 15 min of treatment with BFA when the Golgi disassembles (Jackson 2003) , suggesting that the golgin membrane association depends on an intact Golgi structure but not on the Arl proteins, which are direct targets of BFA. Overexpression of GCC88 resulted in large electron-dense structures extending from the trans-Golgi, suggesting a role for GCC88 in TGN organization. GCC185 contains 5-6 predicted coiled-coil domains that allow interaction with multiple small GTPases. In addition to Arl1, GCC185 is also associated with 14 Rab GTPases in a yeast two-hybrid experiment, and its interactions with Rab1, Rab6 and Rab9 have been confirmed biochemically (Burguete et al. 2008; Hayes et al. 2009 ). A recent study has shown that two small GTPases cooperate to target GCC185 onto the membrane. First, GCC185 is recruited to the Golgi via its interaction with Rab6, which recognizes a two-fold symmetric surface on a coiled-coil domain immediately adjacent to a C-terminal GRIP domain (Burguete et al. 2008) . The binding of Rab6 promotes the association of Arl1 with the GRIP domain, and the two small GTPases dual anchor GCC185 onto the Golgi membrane. Because the core domain of Rab6 can be 105 Å from the membrane surface due to the hyper-variable domain that consists of 34 amino acids, an interaction with Rab6 may allow an extended configuration of GCC185 and facilitate its function as a tethering factor (Fig. 1c) .
As a Rab9 effector, GCC185 is required for the recycling of the mannose 6-phosphate receptor (MPR) from endosomes to the TGN. Depletion of GCC185 enhanced the degradation of mannose 6-phosphate receptors and resulted in an accumulation of cargo in peripheral Rab9-positive vesicles (Reddy et al. 2006) , suggesting that GCC185 is involved in the docking of late endosome-derived, Rab9-bearing transport vesicles at the TGN. Fusion of these vesicles with the Golgi membranes requires a SNARE complex composed of syntaxin 10, syntaxin 16, Vti1a, and VAMP3, whereas fusion of vesicles containing TGN38/46 required syntaxin 6 but neither syntaxin 10 nor GCC185 (Ganley et al. 2008) , indicating two distinct endosome to trans-Golgi transport routes. GCC185 depletion also resulted in a block of shiga toxin trafficking to the Golgi apparatus and an accumulation of shiga toxin in Rab11-positive endosomes . This result suggests that GCC185 participates in the transport between recycling endosomes and the TGN, although an interaction between GCC185 and Rab11 has not been observed. These discoveries of novel GCC185 function ascribe several new features to golgins: (1) specific Rabs can recruit different effectors, and golgins can also interact with different Rabs via multiple coiled-coil domains and function in different transport events (Burguete et al. 2008; Sinka et al. 2008) ; (2) the structural study of GCC185 supports the predicted extended configuration of golgins; and (3) tethering confers specificity to vesicle transport, which has been illustrated for CASP ).
SCYL1BP1, IIGP165 and NECC
Several new golgins have recently been identified, including SCYL1BP1, IIGP165 and NECC, based on their Golgi localization and predicted coiled-coil domains. Their functions remain largely unknown or are distinct from that of original golgins.
SCYL1BP1 was originally identified as a binding partner of N-terminal kinase-like protein (Scyl1) (Di et al. 2003) . It contains a large number of charged amino acids and two predicted coiled-coil domains. Scyl1, which persists in the Golgi remnants after BFA treatment, is a Golgi protein that binds the COPI coat and regulates Golgi to ER trafficking (Burman et al. 2010) . SCYL1BP1 localizes to the Golgi apparatus via an interaction with Rab6. Although the mechanism remains unclear, genetic studies have demonstrated that loss-of-function mutations in SCYL1BP1 are responsible for the autosomal recessive disorder Gerodermia osteodysplastica, which is characterized by wrinkly skin and osteoporosis (Hennies et al. 2008) . It would be intriguing to explore the mechanisms that dictate how the defects in the secretory pathway result in wrinkly skin and osteoporosis, which are aging-related pathologies.
The Ischemia-Inducible Golgin Protein 165 (IIGP165) was cloned from ischemic rat brains and has a predicted molecular weight of 165 kDa. The full-length protein localizes to the Golgi apparatus, whereas the cleaved fragments, produced by serum and glucose deprivation-induced apoptosis, translocate to the nucleus. Cooperating with the protein kinase Akt, IIGP165 protects HeLa cells from serum deprivation-induced apoptosis, which requires Akt-induced IIGP165 phosphorylation (Ran et al. 2007 ). However, the mechanism by which IIGP165 is targeted to the Golgi membrane and its Golgirelated functions are currently unknown.
NECC1 and NECC2 contain several predicted coiledcoil domains (7 for NECC1, 8 for NECC2) and a short transmembrane domain at their C-termini. Exogenously expressed NECC colocalizes with GM130 and VSVGts045 at the Golgi complex and is therefore categorized as a golgin. Both proteins are predominantly expressed in (neuro)endocrine tissues, whereas an alternative NECC1 splicing product, which lacks the TMD, is expressed exclusively in endocrine tissues. The functions of these proteins remain undetermined (Cruz-Garcia et al. 2007 ).
Recent insights into the roles of Golgi matrix proteins in Golgi and microtubule organization
Although the predominant function of golgins is to tether vesicles to adjacent Golgi membranes during protein transport, evidence from recent studies alludes to broader functions. In addition, new interacting partners have been discovered, and unexpected functions of these Golgi matrix proteins have been characterized, such as Golgi stack and ribbon formation, microtubule organization, signaling and the regulation of apoptosis and the cell cycle (Table 1) . In mammalian cells, tens of Golgi stacks are laterally linked to form a ribbon-like structure adjacent to the nucleus. The formation of a Golgi ribbon depends on the Golgi matrix proteins and microtubules. Centrosome-derived microtubules are known to bring Golgi stacks to the pericentrosomal region through microtubule minus-enddirected motor proteins. Recent studies have revealed that the Golgi can also nucleate microtubules by recruiting a pool of γ-tubulin. Additionally, the Golgiorientated microtubules maintain Golgi stacks in close proximity and facilitate tubular connections between them. Several Golgi matrix proteins have been shown to participate in the assembly of non-centrosomal microtubules. Furthermore, the organization of the Golgi has been shown to affect the position of the centrosome. We would like to discuss the recent discoveries regarding Golgi matrix protein function in Golgi ribbon formation, microtubule organization, and centrosome positioning.
The GRASP65-GM130 complex in Golgi ribbon formation and microtubule organization Similar to GRASP65 described above, GM130 was reported to participate in Golgi ribbon formation, whereby depletion of GM130 by siRNA caused fragmentation of the Golgi ribbon and aberrant glycosylation of plasma membrane proteins (Puthenveedu et al. 2006) . GM130 may contribute to Golgi ribbon formation in two ways. GM130 targets GRASP65 on the rim of cis cisternae, prompting GRASP65 to form oligomers that promote lateral linking of cisternae (Puthenveedu et al. 2006) . Additionally, GM130 recruits a γ-tubulin complex to the cis-Golgi via the A-kinase anchoring protein 450 (AKAP450) and nucleates noncentrosomal microtubules ). These Golgi-originated microtubules arrange Golgi stacks in close proximity and facilitate Golgi ribbon formation (Fig. 1d) . In addition to nucleating non-centrosomal microtubules, GM130 controls centrosome organization by binding to a cdc42 GEF, Tuba. GM130 depletion results in abnormal and mispositioned centrosomes that are unable to organize microtubules, which results in defective cell migration in interphase as well as in the multiplication of centrosomes, aberrant multi-polar spindles, and improper mitotic cell division (Kodani et al. 2009; Kodani and Sutterlin 2008) .
GMAP-210 links cis-Golgi to the microtubule cytoskeleton As mentioned previously, GMAP-210 is a cis Golgilocalized golgin that functions in asymmetric membrane tethering. Similar to GM130, GMAP-210 also recruits the γ-tubulin complex to the cis-Golgi membrane and facilitates the formation of the Golgi ribbon (Linstedt 2004) . Depletion of GMAP-210 causes Golgi ribbon unlinking and inhibited directional cell migration (Yadav et al. 2009 ). Multiple Golgi matrix proteins mediate the recruitment of the γ-tubulin complex to the Golgi, whether these proteins cooperate in the assembly of non-centrosomal microtubules is currently unknown.
GCC185 interacts with CLASP and promotes microtubule polymerization from the TGN Unlike GRASP65, GM130, and GMAP210 that localize to cis-Golgi, GCC185 localizes to the TGN. In addition to its function in membrane tethering, GCC185 interacts with CLASP, a microtubule plus-end binding protein that selectively coats the non-centrosomal-originated microtubules (Fig. 1c) . These Golgi-emanating microtubules preferentially orient toward the leading edge in motile cells and contribute to asymmetric cargo transport. CLASP coats and stabilizes microtubule seeds at the early stages of growth. Because GCC185 recruits CLASP to TGN, depletion of CLASP or GCC185 impairs microtubule assembly at the Golgi but not those originating from centrosomes (Efimov et al. 2007 ). Depletion of GCC185 also causes Golgi ribbon unlinking Reddy et al. 2006) , although it is unclear whether GCC185 is directly involved in maintaining Golgi integrity or whether the observed effect is caused by the alteration of the microtubule cytoskeleton.
Bicaudal-D and microtubule-dependent transport
Bicaudal-D is a novel golgin that interacts with Rab6 on the trans-Golgi membranes. Human Bicaudal-D contains 3 coiled-coil domains, and the highly conserved 3rd coiledcoil domain interacts with Rab6 (Matanis et al. 2002) . Bicaudal-D dissociates from the Golgi membrane upon BFA treatment (Hoogenraad et al. 2001) . Unlike other Golgi matrix proteins discussed above, Bicaudal-D interacts with the dynein-dynactin complex associated with microtubules (Hoogenraad et al. 2001) . The N-terminus of bicaudal-D binds to the dynein motor and induces microtubule minus-end-directed movement independent of cargo content (Hoogenraad et al. 2003) , whereas the C-terminus determines cargo specificity. The overexpression of the Bicaudal-D1 N-terminus inhibited the microtubule minusend-directed distribution of organelles (Matanis et al. 2002) . Bicaudal-D may also regulate asymmetric transport. The Drosophila homolog of Bicaudal-D, Bic-D, is required for the apical migration of differentiating photoreceptor (R-cell) precursor nuclei (Houalla et al. 2005) . Bic-D is also responsible for ensuring oocyte polarity in Drosophila by regulating the delivery of secretory pathway components, such as the TGF homolog Gurken, to the plasma membrane and organizing microtubule plus-ends at the oocyte posterior (Januschke et al. 2007 ).
Current understanding of the relationship between the Golgi and the centrosome The centrosome functions as the major microtubule organization center, and the perinuclear localization of the Golgi and exocytic transport rely on their interactions with centrosome-originated microtubules. However, recent discoveries of Golgi matrix proteins indicate a bidirectional relationship between the Golgi and centrosome. First, several cis-Golgi matrix proteins, such as GM130 and GMAP-210, recruit γ-tubulin and nucleate the assembly of non-centrosomal microtubules (Rios et al. 2004; ). The trans-Golgi matrix protein GCC185 recruits the microtubule plus-end binding protein CLASP to stabilize the initial growth of these non-centrosomal microtubules (Efimov et al. 2007 ). These Golgi-originated microtubules play important roles in asymmetric transport. Second, Golgi and Golgi matrix proteins regulate centrosome localization. The reorientation of centrosomes in stimulated cells depends on the remodeling of the Golgi and the phosphorylation of GRASP65 (Bisel et al. 2008 ). GM130 also regulates centrosome positioning via the cdc42 GEF, Tuba (Kodani et al. 2009 ).
The precise function of the Golgi ribbon is unclear. Several studies have described the basic functions of the Golgi apparatus, such as membrane trafficking and modification of secretory proteins, to be unaffected when the Golgi is fragmented into separate ministacks (Diao et al. 2003; Yadav et al. 2009 ). Recent studies also suggest that the Golgi ribbon facilitates lateral diffusion of Golgi enzymes and glycosylation of cargo proteins and that Golgi fragmentation due to the depletion of GM130, GRAPS65, or GRASP55 cause glycosylation defects. In addition, the Golgi ribbon is oriented toward the cell surface where exocytosis occurs, such as the leading edges of migrating cells (Bisel et al. 2008) . The depletion of Golgi matrix proteins, such as GM130, GMAP-210, and GCC185, interferes with asymmetric transport (Efimov et al. 2007; Rios et al. 2004; Rivero et al. 2009 ), although it is unclear whether this effect results from Golgi ribbon fragmentation or from the disruption of non-centrosomal microtubules. A very recent study has reported that two signaling pathways influence Golgi morphogenesis to regulate the polarization of neuronal cells via GM130. Specifically, the Stk25 kinase phosphorylates GM130 and promotes condensed Golgi and axon development, while the Reelin-Dab signaling pathway antagonizes the Stk25 pathway, which results in an extended Golgi morphology and dendrite development (Matsuki et al. 2010) . GM130 also recruits the mammalian Ste20 kinases YSK1 and MST4 to the Golgi membranes, which are required for directed cell migration (Preisinger et al. 2004) , concomitantly with these signaling events. These results suggest an association between protein trafficking, cytoskeleton organization and cell migration.
Golgins in yeast, plants and other species
TbG63 is a golgin that localizes to the Golgi via its C-terminus and interacts with TbRab1A-GTP in the procyclic form of the Trypanosoma brucei parasite. TbG63 is involved in the Golgi architecture or the growth of the parasites in the bloodstream (Ramirez et al. 2008) . The Drosophila Lava lamp is a novel golgin that is required for cellularization by promoting dynein-based Golgi motility (Papoulas et al. 2005) . In Saccharomyces cerevisiae, in which the Golgi membranes do not form stacks, the GRASP65 orthologue, Grh1, contributes to ER-to-Golgi trafficking (Behnia et al. 2007 ). Grp1p is the yeast homolog of golgin-160 that may be involved in the ER-to-Golgi transport. Grp1p is localized to the cis-Golgi and is required for its structural organization; the loss of Grp1 leads to a growth defect at higher temperatures, (Kim 2003) . Six putative Arabidopsis golgins, GC1 to GC6, have been extensively reviewed by Latijnhouwers et al. (2007) . These golgins have similarities to Golgi matrix proteins identified in mammals and yeast, implicating a role for golgins in maintaining the Golgi structure and tethering in plant cells. These studies suggest that the roles for Golgi matrix proteins in Golgi structure formation and protein trafficking are conserved during evolution.
Conclusion
In most eukaryotic cells, the Golgi is composed of flattened cisternae that are arranged in stacks with numerous vesicles in the vicinity. Golgi matrix proteins, including GRASPs and golgins, are important for proper Golgi organization and function. In mammalian cells, recent studies have demonstrated critical roles for GRASP65 and GRASP55 in Golgi stacking, ribbon formation, specific cargo transport, apoptosis and cell cycle control. In D. discoideum, P. pastoris and flies, GRASPs have been shown to play a role in unconventional and noncanonical secretion. Golgins are involved in membrane tethering and are predicted to exhibit an extended configuration due to multiple coiled-coil domains. The most recent structural study on GMAP-210 demonstrates that it can bind to two membranes with different curvatures, which provides a possible mechanism for how vesicles could be tethered to flat Golgi cisternae. Extensive analysis of GCC185 supports the hypothesis that multiple small GTPases can cooperate to regulate the function of golgins and that golgins have an extended configuration on the membranes. The studies with CASP and GCC185 confirm that tethering factors confer specificity to vesicle transport. New functions for golgins have been reported, which may be distinct from the canonical functions of Golgi integrity and vesicle transport. In addition, the relationship between the Golgi and the centrosome has been reassessed. Even though the Golgi stacks are brought to the perinuclear ribbon by centrosome-originated microtubules, the positioning of the centrosome is regulated by Golgi organization and Golgi matrix proteins. Several general conclusions can be made from these studies. Golgi matrix proteins may have broad but redundant functions. The events occurring at the Golgi apparatus may be highly regulated and cargo-and localization-specific. Finally, Golgi-mediated protein trafficking is linked to various cellular processes such as cell cycle progression.
Future studies to further our understanding of the functions of the Golgi matrix proteins are warranted. Purified proteins may be placed into an in vitro assay similar to the system used to demonstrate the function of GMAP-210 in membrane tethering (Drin et al. 2008) . Mutations in golgins have been linked to several human diseases; thus, these mutants may be useful tools for determining the functions of the proteins under physiological and pathological conditions. Manipulation of Golgi matrix proteins in multicellular organisms using available transgenic techniques may also provide insight into the function of various matrix proteins in specific tissues and during development. Because Golgi matrix proteins often have broad but redundant functions, a comparative study of a group of related matrix proteins may help understand their functions and relationships. Collaboration between different laboratories is encouraged because testing the functions with different methods, as well as using a variety of model systems, may enhance progress, provide unbiased conclusions, and help to understand the evolution of the secretory pathway.
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